Study of the five-charged-pion decay of the τ lepton by Baringer, Philip S.
VOLUME 73, NUMBER 7 PH YSICAL REV I EW LETTERS 15 AUt-UST 1994
Study of the Five-Charged-Pion Decay of the )- Lepton
D. Gibaut, K. Kinoshita, B. Barish, 2 M. Chadha, 2 S. Chan, D.F. Cowen, G. Eigen, ~ J.S. Miller,
C. O' Grady, J. Urhejm, A J. Weinstein, D. Acosta 3 M. Athanas, G. Masek 3 HP. Paar 3
J. Gronberg, R. Kutschke, S. Menary, 4 R.J. Morrison, 4 S. Nakanishi, 4 H.N. Nelson, 4 T.K. Nelson, 4
C. ciao, J.D. Richman, A. Ryd, H. Tajima, 4 D. Sperka, M.S. Witherell, 4 M. Procario, 5 R. Balest,
K. Cho, s M. Daoudi, s W.T. Ford, s D.R. Johnson, s K. Lingel, s M. Lohner, s P. Rankin, s 3.G. Smith, s
J.P. Alexander, 7 C. Bebek, 7 K. Berkelman, r K. Bloom, 7 T.E. Browder, " * D.G. Cassel, 7 H. A. Cho, "
D.M. Coffrnan, D.S. Crowcroft, P.S. Drell, R. Ehrlich, P. Gaidarev, R.S. Galik, 7 M. Garcia-
Sciveres, 7 B.Geiser, 7 B. Gittelman, S.W. Gray, D.L. Hartill, B.K. Heltsley, " C.D. Jones, 7 S.L. Jones, "
J. Kandaswamy, 7 N. Katayama, 7 P.C. Kim, r D.L. Kreinick, 7 G.S. Ludwig, J. Masui, 7 J. Mevissen, 7
N.B. Mistry, 7 C.R. Ng, 7 E. Nordberg, 7 J.R. Patterson, 7 D. Peterson, D. Riley, S. Salman, M. Sapper, 7
F. Wiirthwein, 7 P. Avery, s A. Freyberger, s J. Rodriguez, s R. Stephens, S. Yang, J. Yelton, s
D. Cinabro, S. Henderson, s T. Liu, M. Saulnier, R. Wilson, H. Yamamoto, T. Bergfeld, o
B.I. Eisenstein, G. Gollin, i B. Ong, M. Palmer, M. Selen o 3 J. Thaler K.W. Edwards i'
M. Ogg, ii A. Bellerive, iz D.I. Britton, tz E.R.F. Hyatt, tz D.B. MacFarlane, tz P.M. Patel, ' B. Spaan, '2
A.J. Sadoff, s R. Ammar, '4 S. Ball, '4 P. Baringer, '4 A. Bean, '4 D. Besson, '4 D. Coppage, ' N. Copty, '4
R. Davis, i4 N. Hancock, i4 M. Kelly, S. Kotov, i4 I. Kravchenko, i4 N. Kwak, H. Lam, 4 Y. Kubota, ts
M. Lattery, M. Momayezj, J.K. Nelson, S. Patton, D. Perticone, 5 R. Poling, V. Savinov, '5
S. Schrenk, ' R. Wang, M.S. Alam I J. Kim B. Nemati 3 J. O' Neill, H. Severini, s
C.R. Sun, M.M. Zoeller, G. Crawford, C. M. Daubenmier, " R. Fulton, ' D. Fujjno)' K.K. Gan)'
K. Honscheid, H. Kagan, R. Kass, J. Lee, R. Malchow, Y. Skovpen, "t M. Sung, " C. White, ~
F. Butler X. Fu G. Kalbfleisch is W.R. Ross P. Skubic M. Wood i J.Fast R L. McIlwain, ig
T. Miao, D.H. Miller, is M. Modesitt, ' D. Payne, E.I. Shibata, s I.P.J. Shipsey, ' P.N. Wang, '9
M. Battle J. Ernst L. Gibbons Y. Kwon, 2 S Roberts, z E.H. Thorndike, a C.H. Wang
J. Domjnjck, 2 M. Lambrecht, 21 S. Sanghera 21 V. Shelkov 21 T. Skwarnjckj 21 R. Stroynowskj, 2~
I. Volobouev, G. Wei, zt P. Zadorozhny, 2i M. Artuso, zz M. Goldberg, zz D. He, N. Horwitz, 2"-
R. Kennett) R. Mountain) G.C. Moneti) F. Muheim, Y. Mukhin, S. Playfer, Y. Rozen,
S. Stone, M. Thulasidas, G. Vasseur, X. Xing, G. Zhu, J. Bartelt, ~ S.E. Csorna, 3 Z. Egyed,
and V. Jain
(CLEO Collaboration)
' Virginia Polytechnic Institute and State University, Blacksburg, Virginia g)06
California Institute of Technology, Pasadena, California 91195
University of California, San Diego, La Jolla, California M098
University of California, Santa Barbara, California 98106
Carnegie-Mellon University, Pittsburgh, Pennsylvania 1M19
University of Colorado, Boulder, Colorado 80809 0890-
Cornell University, Ithaca, New York 1/858
University of Florida, Gainesville, Florida M611
Harvard University, Cambridge, Massachusetts 02188
University of Illinois, Champaign Urbana, Illinois -61801
"Carleton University, Ottawa, Ontario, Canada K1S 5B6 and the Institute of Particle Physics,' McGill University, Montreal, Quebec, Canada HSA 2T8 and the Institute of Particle Physics,
Ithaca College, Ithaca, New York 1/850
University of Kansas, Lawrence, Kansas 660/5
University of Minnesota, Minneapolis, Minnesota 55/55
Sta te University of'¹w York at Albany, Albany, ¹w York 18MB
"Ohio State University, Columbus, Ohio 4M10
University of Oklahoma, Norman, Oklahoma 78019
Purdue University, West Lafayette, Indiana $7907
University of Rochester, Rochester, ¹w York 1$M7
Southern Methodist University, Dallas, Texas 7M75
Syracuse University, Syracuse, New York 199//
Vanderbilt University, NashvilLe, Tennessee 87285
(Received 22 April 1994)
Montreal, Canada
Montreal, Canada
934 0031-9007/94/73 (7)/934(5) $06.00
1994 The American Physical Society
VOLUME 73, NUMBER 7 P H YSICAL R EV I E%' LETTERS 15 AUGUST 1994
The branching fractions for the five-charged-particle decays of the ~ lepton have been measured
in e+e annihilations using the CLEO II detector at the Cornell Electron Storage Ring. Assuming
ail charged particles to be pions, the results are B(3vr 2m+ & 0 neutrals v ) = (0.097 + 0.005 +
0.011)%, B(3m 2m+v ) = (0.077+ 0.005 + 0.009)%, B(3n 2vr+vr v ) = (0.019 + 0.004 + 0.004)%,
and B(3vr 2m+2vr v ) ( 0.011% at the 90% C.L. B(3vr 2vr+vr v ) is measured for the first time
by exclusive vr reconstruction. The results are compared with the predictions from the partially
conserved-axial-current and conserved-vector-current hypotheses assuming isospin invariance.
PACS numbers: 13.35.Dx
The decay of the ~ lepton provides a test of the stan-
dard model prediction of the hadronic weak current.
The branching fraction into the five-pion final state can
be calculated using current algebra and the partially
conserved-axial-current hypothesis (PCAC) [1]. The six-
pion branching fraction is related to the e+e cross sec-
tion for the production of six pions by the conserved-
vector-current hypothesis (CVC). A measurement of this
branching fraction tests the absolute prediction of CVC
while the shape of the six-pion mass spectrum tests
CVC as a function of q2 (= Ms2 ). The branching frac-
tions for the five-charged-particle final states have been
measured previously with limited statistics [2]. Pre-
sented in this Letter is a new result on the inclusive
five-charged-particle decay with the assumption that all
charged particles are pions. Also included are measure-
ments of the exclusive branching fractions for the de-
cays [3] 7 ~ 3vr 27r+v and w ~ 3m 2vr+nev~ with
much improved precision. The first limit on the decay
7 ~ 3m 2vr+2vr v is also presented.
The data used in this analysis have been collected from
e+e collisions at a center-of-mass energy of +s 10.6
GeV using the CLEO II detector [4] at the Cornell Elec-
tron Storage Ring (CESR). The total integrated lumi-
nosity of the sample is 1.70fb i, corresponding to the
production of 1.56 x 10s r+7. events. CLEO II is a gen-
eral purpose spectrometer with excellent charged particle
and electromagnetic energy detection.
Each 7+7 candidate event is required to contain six
charged tracks with zero net charge. Each track must
project back to the e+e interaction point and be in the
central region of the detector,
~
cos 8] ( 0.90, where 8 is
the polar angle from the beam axis. The former require-
ment suppresses the "migration" background from 7 de-
cays with a Kg —+ sr+~ or photon conversion. The Kg
background is further reduced by rejecting events con-
taining a detached vertex with a n+vr mass within 10
MeV/c~ ( 2o) of the nominal Ks mass [5]. Photon can-
didates are required to have a minimum energy of 60 MeV
in the barrel region (~ cos 8~ ( 0.80) and 100 MeV in the
end cap region (0.80 ( [cos8] ( 0.95) and a lateral pro-
file of energy deposition consistent with that expected for
a photon. The photon candidates must also be isolated
from the charged tracks. The event is divided into two
hemispheres using the plane perpendicular to the thrust
axis of the event [6]; there must be one charged particle in
one hemisphere recoiling against five charged particles in
the other (1 vs 5 topology). The total momentum vector
of the particles in each hemisphere must be in the barrel
region to minimize possible systematic effects. The sum
of the shower energies must exceed 0.15~s.
The dominant sources of background are hadron-
ic events and ~ migration events from
sr+a. nvrev (n & 1) with a photon conversion
or Dalitz decay. The migration events are suppressed
by requiring a minimum invariant mass of 40 MeV/c2
for all pairs of oppositely charged tracks in the 5-prong
hemisphere, unless an electron candidate is identified, in
which case the pair mass cut is 150 MeV/cs on all com-
binations with this track. The hadronic background is
suppressed with several selection criteria. The number of
photons in the 1-prong hemisphere is restricted to be two
or fewer. For the case of two photons, both must be in
the barrel and have an invariant mass within 20 MeV/c
( 3o) of the nominal no mass. The total momentum
of the particles in the 5-prong hemisphere is required to
be greater than sos. The total invariant mass of the
particles in each hemisphere must satisfy Mi ( 1.2 and
Ms ( 1.7 GeV/c . The 5-prong hemisphere must have a
positive pseudoneutrino mass squared:
M„=M +M5 —2M E5)0,
where M~ is the r mass and Es is the energy of the 5-
prong system in the w rest frame. This definition assumes
that the 7 has the full beam energy and that the r di-
rection is given by the momentum vector of the 5-prong
hemisphere. This cut selects events with taulike kinemat-
ics, suppressing both the hadronic background and the
r migration background from lower multiplicity decays
where the 5-prong momentum is not a good approxima-
tion of the w direction. These selection criteria yield a
sample of 495 inclusive events.
A subset of events in which the track in the 1-prong
hemisphere is identified as a lepton is selected from this
inclusive sample. This subset has smaller hadronic con-
tamination than the 1-prong tag sample and thereby pro-
vides a verification of the background calculation. An
electron candidate must have an energy deposition in the
calorimeter consistent with the measured momentum and
a specific ionization in the drift chamber consistent with
that expected for an electron. A muon candidate must
penetrate more than 3 absorption lengths of iron.
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FIG. 2. The invariant mass spectrum of the two photons
of the 5vrvr candidates. The curve shows a fit to the data
(see text). The hatched histogram shows the hadronic back-
ground.
FIG. 1. The mass spectra of the (a) 5m and (c) 5m~ candi-
dates selected with the 1-prong tag. The M„cut,which sup-
presses the hadronic background by 50%%uo, has been removed
because it is unphysical for M5 & M . The histograms show
the hadronic background, normalized for M5 ) 2.0 GeV/c .
(b) and (d) are the corresponding spectra selected with the
lepton tags In (.b) and (d) the invariant mass of the photon
pair forming the 7r must be within 20 MeV/c of the nominal
vro mass.
Candidates for the three exclusive decay modes are
identified from the inclusive sample according to the pho-
ton information in the 5-prong hemisphere. For 57r de-
cay candidates, no photons are allowed. For 57rmo (2m.e),
there must be two (four) photons in the barrel and no
photons in the end cap. In the case of one (three) pho-
ton(s), an additional lower quality photon with an energy
above 30 MeV is sought. If more than one low quality
photon is found, the photon with the best combination
of energy and isolation from the charged tracks is used.
This increases the detection efficiency while minimizing
the dependence on the modeling of hadronic interactions.
The mass spectra for the 5n and 5m7ro candidates are
shown in Figs. 1(a) and 1(c). An excess of events above
the hadronic background for Ms ( M is observed. The
signal over background is greatly enhanced for the events
selected with a lepton tag as shown in Figs. 1(b) and 1(d).
The invariant mass spectrum of the two photons from the
5n7r candidates is shown in Fig. 2. A 7r signal is evi-
dent, corresponding to the first direct observation of the
5m7ro decay. The number of mo candidates is extracted by
fitting this mass spectrum with a Gaussian plus a second-
order polynomial background. The mass and width are
constrained to the Monte Carlo expectations. No Gvr2~0
events are observed with two exclusive pp pairs having
an invariant mass within 20 MeV/cz of the nominal ere
mass [7]. The number of events in each decay mode, to-
gether with the hadronic and ~ migration backgrounds,
detection efFiciencies, and resulting branching fractions
are shown in Table I [8].
The hadronic background is calculated empirically us-
ing a sample of 1 vs 5 hadronic events obtained from the
data. The hadronic sample is selected using the criteria
described above, except that 1.7 ( Mq ( 2.5 GeV/e
and, to increase statistics, the number of photons in the
1-prong hemisphere is allowed to be as large as six. A
few percent correction to the hadronic sample is made to
account for contamination from v. decays. Assuming that
Mq and M5 are not strongly correlated, the M5 thus ob-
tained should reproduce the hadronic background com-
ponent in the 7 sample. The hadronic mass spect, ra are
superimposed in Fig. 1, normalized to the same number
of events for Ms ) 2.0 GeV/e2. The general shape of the
background spectrum is reproduced.
The detection efIiciency and migration background are
calculated using a Monte Carlo technique. The KORALB
program is used to generate pairs according to the stan-
dard electroweak theory, including n radiative correc-
Inclusive
1-prong Lepton
495+ 22 159 + 13
60+8 5+1
16+3 7+2
16.1 + 0.2 14.3 + 0.3
9.7 + 0.5 9.0 + 0.8
Tag
Data
e+e ~ qq
Migration
~(Fo)
B(10 )
Lepton
105 + 10
3+1
8+1
12.7+ 0.3
6.7 + 0.7
1-prong
335+ 18
26+ 6
14+ 2
14.2 + 0.2
7.7 + 0.5
5.9 6 0.2
1.9 + 0.4
5.4 + 0.2
2.3 6 0.7
0.9 + 0.1( 1.0
TABLE I. Summary of the signal, background, detection efficiency, and branching fraction for
each decay mode. All errors are statistical only. The upper limit is at the 90% C.L.
5m 5'~' 5~2~
1-prong Lepton 1-prong
38 +? 14.9 + 4.2 0
? + 3 0.8 + 0.3
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tions [9]. The GEANT program [10] is used to simulate
the detector response. The five-pion mass spectrum has
been adjusted to fit the data. The six-pion spectrum is
extracted from the e+e cross section into six pions us-
ing CVC [9]. No intermediate resonance is assumed in
the decay processes.
The branching fractions for the decays are extracted
from the data by normalizing to the luminosity 2, and
cross section o,
N Nm&g Nqq
28o Bg,se
where N, N~;s, and N~q are the number of events in
the data, migration from other 7 decays, and hadronic
background, respectively. Bq,s = (85.82 + 0.25)%%uo [2] is
the branching fraction of the 1-prong tag and e is the
detection efBciency.
The systematic errors in the measurements are sum-
marized in Table II. The systematic error from the un-
certainty in the photon detection efficiencies is estimated
by varying the photon selection criteria. This estima'te
has been checked [11] by performing similar analyses on
other decay modes, ir2vro, 3n. , 3nno, and vru. Another
indication of the reliability of the efficiency calculation is
that the two exclusive branching fractions do not oversat-
urate the inclusive measurement. The systematic error
in the tracking efficiency has been investigated by re-
laxing the track quality requirements and by comparing
the observed momentum spectrum of the tracks with the
Monte Carlo simulation. Potential biases in the hadronic
background estimate due to possible correlations in the
total invariant masses of the two hemispheres have been
investigated by varying the requirements on Mi and the
1-prong photon multiplicity. The hadronic background
has also been estimated using continuum Monte Carlo
events [12] and 3 vs 5 events from the data. All results
are consistent within the statistical errors. The consis-
tency of the branching fractions between the 1-prong and
lepton tags indicates the validity of the hadronic back-
ground calculation. The systematic error in the modeling
of the five- and six-pion decays is estimated by compar-
ing the observed x+vr mass spectrum with the Monte
Carlo expectation. The systematic error in the migration
background due to the uncertainties in r decay branching
fractions is estimated by changing the branching fractions
within the reasonable ranges allowed by their uncertain-
ties [2]. Also included in Table II is the systematic error
in the luminosity [13] and cross section and the uncer-
tainty in the detection eKciency due to limited Monte
Carlo statistics.
The final branching fractions from the 1-prong tag are
B(3n 2vr+ & 0 neutrals v ) = (0.097 + 0.005 + 0.011)%%uo,
B(3x 2'+ v ) = (0.077 6 0.005 6 0.009)%%uo,
B(3ir 2vr+ir v~) = (0.019 + 0.004 + 0.004)%%uo,
B(3m 2vr+2x'v ) (0.011% at 90% C.L.,
where the first error is statistical and the second is the
systematic errors added in quadrature. These measure-
ments are consistent with the world averages [2], but
the inclusive branching fraction is significantly smaller
than the recent result from OPAL [14]. Combining
B(3m 27r+v~) with our results [11,15] for B(n 4n v~)
and B(2' n+2vrov ) yields the total five-pion branch-
ing fraction of (0.61 6 0.06 6 0.08)%. This is some-
what smaller than the prediction from PCAC of ~ 1%
[1]. The measurement of B(3m. 2n+irov ) is consistent
with the prediction [16] from isospin invariance and CVC,
B(3m 27r+7rov~) & (0.03 6 0.01)%, based on the e+e
cross section for six-pion production measured by M3N
[17]. However, it is significantly smaller than the pre-
diction [16] of B(3m 2x+vrov ) & (0.07 6 0.01)% based
on the measurement by pp2 [18]. The CVC prediction
of the 5mmo mass spectrum (Fig. 3), based on combining
the two measurements, is independent of the absolute
normalization and reproduces the data
In conclusion, the branching fractions for the 5-prong
decays of the r lepton have been measured. The 5+7ro
branching fraction is measured for the first time by ex-
clusive 7ro reconstruction. The sum of B(3m 27r+v ) and
B(3~ 27r+m v ) saturates the inclusive branching frac
e (photon)
e (tracking)
e (stat)
Background (stat)
e+e ~ qq (syst)
Decay model
Migration (syst)
Total
Inclusive
5
7.5
1.2
2.0
4.3
4.0
1.4
1.0
1.0
11
5'
7
7.5
1.5
2.1
2.7
4.0
1.6
1.0
1.0
12
5' sr'
15
7.5
3.0
10.8
6.9
4.0
+1.1—5.1
1.0
1.0
22
57r27r
20
7.5
10
1.0
1.0
24
TABLE II. Summary of systematic errors in percent (rel-
ative). The migration of 57r27r into 57rm corresponds to a
68% upper limit.
20
CV
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5
FIG. 3. The mass spectra of the 5vrvr candidates se-
lected with the 1-prong tag together with the CVC predic-
tion (histogram). The background contamination has been
subtracted.
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tion and the first limit on B(37r 2vr+2~ov ) has been set.
The results are consistent with the world averages [2] and
are significantly more precise than other experiments.
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